The rock-dwelling cichlids of Lake Malawi, the mbuna, comprise at least 200 putative species belonging to 10 genera (Ribbink et al. 1983) . Thirty-four of them occur sympatrically at Nkhata Bay, situated on the western shore of the lake. Seven of these putative species belong to the subgenus Pseudotropheus (Tropheops) and three to P. (Maylandia). The two subgenera can be distinguished by head shape and feeding behaviour, but within each subgenus no anatomical features have been found to distinguish between the putative species. However, each form is characterized by distinctive colouration of territorial males (Fryer 1959; Ribbink et al. 1983; Konings 1991) . Behavioural observations have demonstrated assortative courtship among one pair of P. (Maylandia) colour morphs, P. zebra and P. Ôzebra cobaltÕ (Holzberg 1978) , and these also show significantly different allozyme electromorph frequencies , leading to the latter form being formally described as P. callainos by Stauffer & Hert (1992) . However, these two are rather easily distinguished in comparison to most of the other putative species. P. zebra and P. callainos are obviously differently coloured at all stages of development in both sexes. By contrast, many of the other putative species cannot be reliably distinguished except by male courtship colours. Indeed, the females of some species are strikingly polymorphic in colour, and these colour morphs may be shared among species (Konings 1991) .
At present, it is not known whether these sympatric male colour morphs generally represent fully isolated gene pools, and thus biological species. If each male colour form does represent a distinct biological species, this will provide support to theories of speciation by sexual selection (Dominey 1984; Turner & Burrows 1995) . Alternatively, the number of species reported for these lakes may be greatly overestimated. Although hybrids of different colour morphs have never been reported amongst Malawi cichlids in the wild (e.g. Fryer & Iles 1972; Ribbink et al. 1983) , it may be that they have simply not been recognized. Natural hybrids among Lake Victoria cichlids have recently been reported (Seehausen et al. 1997 ) and many species of Malawi cichlids can be hybridized in the laboratory to produce viable offspring (G. F. Turner, unpublished) . To address this question, we have investigated the degree of assortative mating among sympatric male colour morphs through the analysis of six DNA microsatellite loci and direct observations of courtship behaviour in the field. In addition, we conducted a number of underwater transects to determine whether pairs of taxa were isolated by habitat preferences.
Microsatellites are tandemly repeated simple sequences of between 1 and 5 bp in length, such as (A) n , (GT) n or (GACT) n . They are scattered throughout the nuclear genome of all eukaryotes examined to date (for a review see Jarne & Lagoda 1996) . Pedigree analyses have shown that microsatellites are mostly inherited in a Mendelian fashion. In general, microsatellites are highly polymorphic, exhibiting many alleles and average expected heterozygosities well above 50%. They therefore represent ideal genetic markers in studies at the population level and between extremely closely related taxa, such as the colour morphs examined here.
In this study we have used microsatellites to: (i) investigate whether colour morphs represent biological species or whether some gene exchange occurs between taxa; and (ii) to examine levels of genetic diversity within and among morphs, to illuminate both past and present evolutionary dynamics.
Materials and methods

Ecological and behavioural observations
Habitat occupation was sampled for all nine Pseudotropheus species by scuba transects. Five survey areas were chosen around Nkukuti and Fisheries points at Nkhata Bay (≈ 11¡50′S/≈ 34¡20′E), Lake Malawi. A pair of divers descended rapidly to 30 m (or to the rock/mud interface if it was less) along a compass bearing from the shore. Records of the deepest and shallowest observation of each species was made while ascending along the reverse compass bearing to the surface. During the ascent, the divers maintained a distance of ≈ 10 m apart and surveyed the substrate to a distance of about 3 m on either side of their ascent course.
Assortative courtship was investigated by recording observations of male courtship display and colour of females courted. Records were made by snorkelling or scuba, using underwater slates. Pilot studies indicated that even during peak spawning season (AugustSeptember), only about 3Ð5 courtships were observed during a 30Ð60-min dive, which was considered an uneconomical use of scuba time. Subsequently, all team members were supplied with small recording slates and courtship behaviour recorded on an ad hoc basis during dives made for other purposes.
Sample collection
Fishes were sampled from seven ≈ 300 m 2 areas at a single rocky point (Nkukuti Point), Nkhata Bay. Fifty to 121 individuals of each of nine putative species were collected (Table 1) . Four of the collection sites were situated in shallow water (0Ð5 m depth) and three in deeper water (15Ð25 m depth). Fish were chased into 10 × 2 m monofilament catching nets using scuba and a small clipping from the dorsal fin of each fish was taken under water. Individuals were released immediately after clipping and showed no ill effects. Fin-clippings were stored in NaClÐDMSO preservation buffer (Seutin et al. 1991) until DNA was extracted following the method of Rico et al. (1992) .
Microsatellite analysis
Samples were screened for variation at six polymorphic microsatellite loci on an ALF sequencer (Pharmacia) as described in van Oppen et al. (1997a) . Sizes of the alleles were calculated from internal standards run in every lane. Size standards of various lengths were obtained by PCR from the genome of M13mp18 as described in van Oppen et al. (1997a) . Allele sizes were rounded to the nearest integer. Because of this rounding some alleles have been misclassified as an allele that is one step longer or shorter than the actual size, but this error rate was considered to be acceptably low (as confirmed by DNA sequencing of some alleles, see also van Oppen et al. 1997b) . The six loci include four perfect dinucleotide repeats (Pzeb1Ð3 and UNH002 (Kellogg et al. 1996) ), one imperfect dinucleotide repeat (Pzeb5) and one compound repeat (Pzeb4). Reproducibility of PCR was tested by amplifying locus Pzeb2 and UNH002 four times independently in 40 individuals. All four PCR trials gave exactly the same result (with the exception of three PCR reactions that failed to work), showing that all heterozygous individuals were amplified during the first attempt at PCR. Based on these results, we PCR-amplified all further individuals only once.
Null alleles
Nonamplifying ÔnullÕ alleles were found from pedigree analysis using the six loci mentioned above. Genotypes of 69 offspring were compared with those of their parents (six pairs of P. (Maylandia) zebra adults). The segregation of a null allele in a sibship was recognized when an offspring apparently did not receive an allele from a parent because it had presumably received a null allele.
Data analysis
Allele frequencies, expected (H E ) and observed (H O ) heterozygosities were calculated using the computer package GENEPOP 3.1 (Raymond & Rousset 1995a ) and the samples were tested for linkage disequilibrium and departure from HardyÐWeinberg equilibrium by the Markov chain method (Guo & Thompson 1992) . Heterogeneity in allelic distribution for all loci, and all pairwise comparisons, was tested based on an assumption of no differentiation with an unbiased estimation of the Fisher exact test by the Markov chain method as described by Raymond & Rousset (1995b) using GENEPOP 3.1. Rejection levels for multiple tests were adjusted using the sequential Bonferonni procedure with α = 0.05 (Rice 1989).
Two approaches were followed in investigating the amplitude of genetic divergence between taxa. First, we computed fixation indices following the infinite allele model (IAM) by calculating Weir & CockermanÕs (1984) estimators of F statistics (θ) using F-STAT (Goudet 1995) . Second, we computed fixation indices following the single stepwise mutation model (SMM) by calculating SlatkinÕs R ST (Slatkin 1995a ) using R ST CALC (Goodman 1997) . The significance of fixation indices generated by both the IAM and the SSM was assessed using 1000 permutations and bootstraps for all loci, and all pairwise comparisons of taxa. Rejection levels were adjusted as described above. 
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Results
Mean and maximum depth ranges for most taxa showed considerable overlap (Table 2 ). However, this may be misleading as depth range for individual taxa appeared to vary with shore topography and substrate type, so that maximum depth range may overlap but a particular pair of taxa may never occur together at the same depth at any site. More informative are the frequencies with which distributions overlapped within a transect. Most pairs of taxa overlapped on at least 50% of the transects. In comparisons within subgenera, the only pairs of taxa to overlap all involved Pseudotropheus (T.) ÔdeepÕ, which overlapped only twice with the three obligate shallow-water taxa P. Behavioural observations indicated that most taxa court completely assortatively (Table 3) . In all five putative species where we could unambiguously identify both sexes (P. callainos, P. ÔmauveÕ, P. ÔoliveÕ, P. ÔblackÕ and P. ÔdeepÕ), males were observed to court only conspecific females (a total of 333 observations), and in each taxon females were seen to respond to male courtship by following or circling with the male. We never observed females of any of these five taxa being courted by males of other taxa.
We were unable to confirm assortative mating among P. zebra and P. Ôgold zebraÕ, as the females could not be reliably distinguished in the field. However, in no cases did we observe females of P. zebra/′gold zebra′ being courted by any other male type, nor did we observe males of these taxa to court any other type of females. A similar result was obtained for the other pair of taxa where we could not distinguish females, P. ÔbandÕ and P. ÔrustÕ. In this case, we found that males may sometimes be unable to distinguish among females, at least in the initial stages of courtship. On two occasions, the same female was observed to be courted successively by males of both P. ÔbandÕ and P. ÔrustÕ. However, in each case the female responded with following and circling behaviour (elements of courtship) only to males of one taxon, so we could not exclude the possibility of complete reproductive isolation. Unfortunately, few courtships were observed for P. Ôgold zebraÕ or P. ÔdeepÕ as these species occurred at relatively low densities, and mainly at depths of 15Ð30 m, where safety and limits to air supply restricted diving time.
All microsatellite loci were in linkage equilibrium except for Pzeb5 and UNH002 in P. ÔblackÕ (P < 0.001). The nine taxa were all highly genetically diverse, showing many alleles per locus (Table 4 ) and high heterozygosities (Table 5 ). P. zebra had the highest allelic diversity at all loci (Table 4 ). This was not simply due to sample size effects, as larger samples were analysed for three other taxa (Table 1) . P. zebra and P. callainos, which also showed high allelic diversity except at Pzeb5, were the only taxa with three distinct female colour morphs. Observed heterozygosities were significantly lower than expected in many cases (Table 5) .
In the pedigree test using P. zebra, null alleles were found in four of the six loci (Table 5 ). It is striking that few significant heterozygote deficits were found in any species at the loci that had no null alleles in P. zebra, whereas the four loci where null alleles were detected exhibited frequent and high heterozygote deficiencies (Table 5) .
In those instances where we had sufficiently large sample sizes (for P. ÔmauveÕ, P. ÔoliveÕ, P. zebra and P. callainos) we tested for intraspecific genetic differences between sites within Nkukuti Point. No overall significant differences were found, but locus Pzeb1 in P. callainos showed an allele frequency distribution that differed significantly between the deep and the shallow sites (P = 0.0003 [Markov chain method] after Bonferonni correction for multiple comparisons (Rice 1989)). However, θ ST values averaged over the six loci were not statistically significantly different from zero between these sites. We therefore decided to pool samples from different sites within Nkukuti Point.
All 36 possible pairwise comparisons of the nine taxa revealed statistically significant differences in allele frequency distributions at the loci Pzeb1 and UNH002 (P < 0.05, after Bonferonni correction), but some nonsignificant comparisons were obtained for other loci, mainly in comparisons among the P. (Tropheops) taxa: ÔbandÕ/ÔrustÕ (nonsignificant at Pzeb2, Pzeb3, Pzeb5); ÔblackÕ/ÔmauveÕ (Pzeb4, Pzeb5); ÔbandÕ/ÔblackÕ (Pzeb2, Pzeb3); ÔdeepÕ/ÔrustÕ (Pzeb5); ÔbandÕ/ÔdeepÕ (Pzeb2); ÔblackÕ/ÔrustÕ (Pzeb2); ÔblackÕ/ÔdeepÕ (Pzeb3); ÔdeepÕ/ÔoliveÕ (Pzeb3); ÔblackÕ/Ôgold zebraÕ (Pzeb2); ÔrustÕ/Ôgold zebraÕ (Pzeb2); ÔbandÕ/Ôgold zebraÕ (Pzeb3). All members of the P. (Maylandia) complex were significantly different from each other at all six loci. Most strikingly, P. Ôgold zebraÕ had a very distinct allele frequency distribution at locus Pzeb1, exhibiting only a small number of alleles in comparison to other taxa (Table 4) .
Fixation indices among pairs of putative species within each subgenus at Nkukuti Point were all significantly different from zero, except for R ST for P. ÔbandÕ and P. ÔmauveÕ (P = 0.03). Excluding P. ÔoliveÕ, comparisons among the P. (T.) taxa showed consistently low fixation indices (Table 6) 
Discussion
Reproductive isolation
Measures of genetic divergence (θ ST and R ST ) among all taxa were significantly different from zero, indicating that panmixia does not occur. This is consistent with the observed assortative courtship behaviour. However, occasional hybridization can not be completely excluded, although our results indicate that hybridization between some pairs of putative species is highly unlikely. Pseudotropheus (Maylandia) Ôgold zebraÕ and the two other taxa belonging to this subgenus (P. zebra and P. callainos) are likely to merit specific status. For P. zebra and P. callainos, our results agree with those previously obtained by using allozymes. The clear distinction of P. zebra and P. Ôgold zebraÕ was more surprising. The males, although clearly different in hue, have extremely similar patterns. We found it almost impossible to distinguish female P. zebra from P. Ôgold zebraÕ of the brown and orange-blotched morphs and therefore were unable to demonstrate assortative courtship by behavioural observations, although under Ôfree-choiceÕ conditions, these taxa mate assortatively in the laboratory (M. E. Knight et al. unpublished) . Preliminary results of laboratory studies suggest that males are not able to distinguish among conspecific and heterospecific females of these taxa, and that they can Table 4 produce viable hybrids (M. E. Knight et al. unpublished) . However, the relatively high fixation indices found between these two taxa make it very unlikely that hybridization occurs in the field, yet it cannot be unequivocally excluded. Within the P. (Tropheops) subgenus, specific status is more difficult to ascertain using microsatellite data only, with the exception of P. ÔoliveÕ which has the most distinct allele frequency distributions at all six loci, suggesting complete reproductive isolation. Behavioural observations in the field confirm that neither sex of this taxon participated in courtship with fish of any other putative species. This is based on large sample sizes for all species, excluding P. ÔdeepÕ which rarely co-occurs with P. ÔoliveÕ anyway. Field observations on mating behaviour strongly suggest that P. ÔmauveÕ and P. ÔblackÕ do not interbreed, nor do they breed with either P.
ÔbandÕ or P. ÔrustÕ. The only nonsignificant value of R ST was for P. ÔmauveÕ/P. ÔbandÕ. Interbreeding between these taxa is extremely unlikely, as the assortative mating observations were based on 190 courtships. Further, we could unambiguously identify both sexes of this speciesÕ pair. The lowest θ ST value was between P. ÔbandÕ and P. ÔrustÕ. The females of these two taxa were essentially indistinguishable to us, and our observations indicated that conspecific males are not able to distinguish between them reliably either. However, reproductive isolation could be maintained by female recognition of males, as we did not observe any females respond to both types of males.
Fixation indices based on the SMM (R ST ) were generally higher than θ ST estimates with the exception of only two putative species pairs; P. ÔmauveÕ/P. ÔbandÕ and P. ÔrustÕ/P. ÔdeepÕ. Fixation indices based on the IAM (θ ST )
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© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 991Ð1001 Table 5 Number of alleles per locus averaged over all six loci (A), expected (H E ) and observed (H O ) heterozygosities and null allele frequencies for nine putative species of Pseudotropheus Statistically significant heterozygote deficits: *0.025 < P < 0.05, **P < 0.025. Frequencies of nonamplifiable null alleles were estimated from pedigree analysis in P. zebra using six breeding pairs and 69 offspring (see text). Significance: all P-values < 0.05, except for the R ST value between band and mauve (P = 0.03).
are expected to show greater genetic similarity and yield biased estimates except in cases where the timescale of interest is sufficiently short that mutation would be negligible (Slatkin 1995a) . He argues that θ ST should be used if it is known from other information that the timescales of interest are tens or hundreds of generations and the mutation rate at the microsatellite loci studied is typical (≈ 10 Ð3 ). In these circumstances, genetic drift rather than mutation would be expected to be the dominant process in creating differentiation. It is difficult with this data set to ascertain which model of mutation performs better in determining the amplitude of differentiation among these taxa. However, if one assumes a typical mutation rate for the loci we examined and a time of divergence among taxa of more than a few hundred generations, SlatkinÕs R ST value should provide more accurate estimates. On the other hand, if hybridization among some putative species pairs eventually occurs and/or divergence is very recent then θ ST should better reflect the level of differentiation. This might be the scenario for P. ÔmauveÕ/P. ÔbandÕ and P. ÔrustÕ/P. ÔdeepÕ.
Numbers of species
It is known that a large number of endemic cichlids occur in Lake Malawi, but the approximate number of species is not known. Estimates of species numbers vary considerably, e.g. 200 (Greenwood 1984) , 400Ð500 (Ribbink et al. 1983) , over 500 (McKaye & Gray 1984) and over 600 (Ribbink 1994) . For the remainder of this discussion, we will assume that reproductive isolation among fully sympatric taxa, irrespective of the nature of the isolating barrier, can be taken to indicate specific status. This is consistent with MayrÕs biological species concept, still the most generally used definition of species, and with all other proposed species definitions except those based on morphological or ecological differentiation (Coyne 1994; Mallet 1995) . We have shown that five of the nine sympatric male colour morphs investigated (P. zebra, P. Ôgold zebraÕ, P. callainos, P. ÔmauveÕ and P. ÔoliveÕ) are reproductively isolated from the other taxa examined, and that two others (P. ÔdeepÕ and P. ÔblackÕ) probably deserve specific status as well. The possibility of some level of hybridization should not be, however, completely excluded. There is certainly some assortment among all of them. This is consistent with the few electrophoretic studies carried out so far, which show that sympatric male colour morphs are genetically distinct (Kornfield 1978; . Assuming that most sympatric male colour morphs constitute species, an estimate of 500Ð1000 for Lake Malawi is probably no exaggeration. Recent explorations of the eastern rocky shores of Lake Malawi indicate that many new species can be found along these shores (Konings 1995; Spreinat 1995) . In addition, very little is known about the pelagic and deep benthic zones of the lake, but it appears that species richness in these habitats has been greatly underestimated (Turner 1996) . However, the higher range estimates (500+) of species richness depend on the untested assumption of specific status for allopatric taxa, which differ in male colour to the same degree as the sympatric taxa we have investigated.
Genetic diversity and speciation
The average numbers of alleles per locus varied between 11 and 23.2 in the Pseudotropheus species, producing high heterozygosities (Table 5) . Although the average numbers of alleles per polymorphic locus will depend on which loci are selected for study, our data give no support to the notion that the species have recently passed through genetic bottlenecks.
In our study, the highest microsatellite diversity was found in P. zebra. According to Ribbink et al. (1983) this is one of the most widespread mbuna species in the lake, and it shows considerable geographical variation in colouration and markings. In our study area, this was probably the most abundant species; at one rocky outcrop at Nkhata Bay the population was estimated to be around 15 000 territorial males (van Oppen et al. 1997b) . Inclusion of nonterritorial adults would raise this figure to 30Ð45 000.
In comparison to the other Pseudotropheus species, P. Ôgold zebraÕ displays an aberrant allele frequency distribution at locus Pzeb1. Bottlenecking cannot explain this phenomenon, because we would expect to find signs of bottlenecking at all loci, not at just one. It is possible, however, that Pzeb1 is linked to a gene that is subject to strong selection. This genetic hitchhiking (Slatkin 1995b) in combination with a selective sweep may have led to the loss of most alleles. The fact that the heterozygote deficit is so extreme at Pzeb1 in P. Ôgold zebraÕ (see below) is consistent with this explanation.
Most Malawi rocky shore cichlids are known to possess high mitochondrial DNA (mtDNA) haplotype diversity (Moran & Kornfield 1993 ) as well as extensive polymorphism at class II major histocompatibility complex genes (Klein et al. 1993) . All nine taxa investigated in the present study were genetically highly polymorphic. Reduced genetic variation, consistent with a recent bottleneck, has only been found in two Malawi cichlid taxa , suggesting that founder events have not generally been involved in population divergence and speciation ). This evidence, plus the generally large size of Malawi cichlid populations (Ribbink et al. 1983) , makes it unlikely that genetic drift is important in the rapid speciation in these fishes.
On the other hand, our finding that taxa differing mainly in male colour, even when females are indistinguishable, are generally biological species is consistent with proposals that sexual selection may be important in speciation (Dominey 1984; Turner & Burrows 1995) . Theoretical studies suggest that this process can rapidly lead to reproductive isolation in allopatry (Lande 1981) , along a cline (Lande 1982) or even in sympatry (Turner & Burrows 1995; Payne & Krakauer 1997) . Sexual selection is certainly important in these fish. For example, Hert (1991) has shown that females of the Malawi rockdwelling cichlid P. (M.) aurora preferentially mate with males with larger numbers of coloured spots on their anal fins, and Seehausen & van Alphen (1998) have shown that females of a Lake Victoria cichlid, closely related to these Malawi taxa, choose males on the basis of their colour alone, as preference was eliminated under monochromatic light.
Null alleles and heterozygote deficits
As we have not performed any sequence analysis of our loci using more upstream primers, the cause of the occurrence of null alleles in Pseudotropheus species remains unclear. Whatever the cause may be, in our study, null alleles were found in those loci that show frequent heterozygote deficits but not in those with negligible deficits (Table 5 ). Furthermore, individuals that failed to amplify in the PCR reaction were more common among the loci where null alleles were unambiguously detected in the pedigree analysis. This suggests that the presence of null alleles, rather than assortative mating within putative species or unnoticed substructuring of the populations (Wahlund effect), accounts for most of the observed heterozygote deficits.
Conclusions
Using microsatellites and field observations we have shown that many male colour morphs of rock-dwelling Malawi cichlid fishes mate assortatively and probably deserve, in many cases, biological species status. This, along with recent reports of additional species from the previously little-known eastern shores and pelagic and deep benthic habitats, suggests that previous estimates of numbers of cichlid species in Lake Malawi are rather conservative.
Each of the nine colour morphs investigated showed high allelic diversity at microsatellite loci, which is concordant with the high levels of polymorphism found at mtDNA (Moran & Kornfield 1993 ) and class II major histocompatibility complex genes (Klein et al. 1993) . Bottlenecking and founder events are therefore unlikely to have had major influences on divergence and speciation processes in these cichlids. Our demonstration that taxa which differ greatly in male colours, but to a negligible extent in anatomy or female colour, is consistent with proposals that sexual selection is a major force in the rapid speciation of Lake Malawi cichlids (Turner & Burrows 1995) , as also appears to be the case in the closely related rapidly speciating cichlids of Lake Victoria (Seehausen et al. 1997) .
